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COMMUNICATION DEVICE 

BACKGROUND 

5 In RF transceivers today, the use of a reference clock or oscillator derived 

from a quartz crystal reference element is nearly ubiquitous. The performance 
advantages of this approach lie in the high frequency accuracy of piezoelectric quartz 
crystal resonators (on order of parts per million) and on the low -noise signal produced 
by the devices. For many applications, the cost and size of reference frequency 

10 generation hardware for implementations of this approach make up only a small 

fraction of the total cost of the communications equipment. 

However, for other devices .including, but not limited to, a new class of 
receivers, transmitters and transceivers which are being developed for short-range, 
low bit-rate applications such as wireless sensing, logistics and game controls, the 

15 cost of a crystal reference can represent a substantial percentage (e.g., 10% to 30%) of 

the total cost of the transceiver. Furthermore, while the cost of the integrated portions 
of the transceiver are expected to decrease substantially over time, the crystal cost is 
unlikely to decrease at the same rapid rate. Thus, the cost of the crystal as a 
percentage of the total-cost of the transceiver may actually tend-to -increase overtime.— 

20 Crystal reference elements do not currently lend themselves to integration on a 

silicon substrate with other circuit elements. This is because high quality factor (Q) 
resonators of the type used in reference elements are constructed from piezoelectric 
materials such as quartz that are not compatible with the silicon-based materials used 
in semiconductors. The crystal is, therefore, implemented as a discrete element 

25 outside of the integrated circuitry used to implement other elements of the device. 

The fact that the crystal is implemented as a discrete element has negative 
implications for both the cost and size of the transceiver. 

Several communication techniques utilize circuitry that does not rely upon 
crystals for frequency stability as follows: 

30 LC-tuned receivers. While crystal reference circuits are common in modern 
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communications equipment, equipment manufactured before 1980 sometimes utilized 
tuned LC (Inductor - Capacitor) circuits for frequency generation. Several examples 
of this are broadcast television receivers, broadcast radio receivers and short-wave 
radio receivers. Common elements in all of these systems are analog transmission 
5 format and high ratios of signal bandwidth to carrier frequency. Such applications are 

used only for analog formats. 

Wideband Frequency-Shift Keying fFSK). While few commercial 
applications are in use, digital FSK systems with high modulation index exhibit 
tolerance to frequency offset. This class of system has support for digital modulation 

10 and can be made to support arbitrarily high ratios of carrier frequency to data rate. 

However, systems employing wideband FSK are inefficient in their spectral usage, 
since the occupied frequency band of the signal may be used by only a single user at a 
time. Furthermore, because the energy density of the wideband FM signal is not 
uniform across the frequency band, regulatory issues may arise with peak power 

1 5 density. 

XOR-based processing of DSSS signals. In this approach, as described in 
U.S. Patent No. 5,559,828, a DSSS (Direct Sequence Spread Spectrum) sequence is 
de-spread using an XOR (exclusive-OR) gate and a delay line. While this is effective 

! n increasing t_oleranc_e to frequency .offset, it does not produce coding gain and does 

20 not differentiate between codes, decoding all signals equally. Thus, several 

advantages of DSSS systems, including coding gain, code-division multiple access, 
and use of multiple codes in orthogonal modulation schemes, are lost using XOR 
processing. 

None of these techniques is entirely suitable for use in certain digital 
25 communication systems such as, for example, those compatible with IEEE 802.15.4. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Certain embodiments illustrating organization and method of operation, 
together with objects and advantages may be best understood by reference to the 
30 detailed description that follows taken in conjunction with the accompanying 
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drawings in which: 

FIG. 1 is a block diagram of a radio frequency receiver consistent with certain 
embodiments; 

FIG. 2 is a block diagram of a radio frequency transceiver consistent with 
5 certain embodiments; 

FIG. 3 is a block diagram of another radio frequency transceiver consistent 
with certain embodiments; 

FIG. 4 is a block diagram of an example oscillator consistent with certain 
embodiments; and 

10 FIG. 5 is a block diagram of a communication system used to model the noise 

performance of a differential chip detector consistent with certain embodiments. 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 
While this invention is susceptible of embodiment in many different forms, 

15 there is shown in the drawings and will herein be described in detail specific 

embodiments, with the understanding that the present disclosure of such embodiments 
is to be considered as an example of the principles and not intended to limit the 
invention to the specific embodiments shown and described. In the description below, 
like reference mmerals are used to describe _the_same,_similar or_ corresponding parts 

20 in the several views of the drawings. 

The terms "a" or "an", as used herein, are defined as one or more than one. 
The term "plurality", as used herein, is defined as two or more than two. The term 
"another", as used herein, is defined as at least a second or more. The terms 
"including" and/or "having", as used herein, are defined as comprising (i.e., open 

25 language). The term "coupled", as used herein, is defined as connected, although not 

necessarily directly, and not necessarily mechanically. The term "program", as used 
herein, is defined as a sequence of instructions designed for execution on a computer 
system. A "program", or "computer program", may include a subroutine, a function, 
a procedure, an object method, an object implementation, in an executable 

30 application, an applet, a servlet, a source code, an object code, a shared library / 
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dynamic load library and/or other sequence of instructions designed for execution on 
a computer system. 

Crystals are used as frequency determining elements in various devices such 
as transceivers due to their high accuracy and low noise levels. If a technique were 
5 developed by which a transceiver can be made to be tolerant of relatively wide 

frequency variation and high noise levels in its frequency reference, this would allow 
the implementation of a frequency reference without the use of high-Q piezoelectric 
materials. The resulting circuit could be implemented on an integrated circuit if 
desired, resulting in a significant cost and size savings in transmitters, receivers and 

10 transceivers for certain applications. 

FIG. 1 depicts a block diagram of a receiver device 100 consistent with 
certain embodiments. In this exemplary embodiment, a DSSS signal is received at 
antenna 104 and passed to a frequency converter circuit 108 for down-conversion. 
The frequency converter (e.g., mixer) 108 utilizes a local oscillator in the form of a 

15 non-crystal based frequency generator 112 which produces a signal which is mixed 

with the incoming signal from antenna 104 to produce the output of the frequency 
converter 108. This output from the frequency converter is coupled to a differential 
chip detector 116, which is defined herein as a detector circuit that operates according 
to the principles described in U.S. "Patent No. 6,563,857, filed December 21, 2001, 

20 entitled "Low Cost DSSS Communication System." Differential chip detection as 

described in this patent application is also described in detail in Q. Shi, R. J. O'Dea, 
and F. Martin, "A New Chip-Level Detection System for DS-CDMA," 2002 IEEE 
International Conference on Communications, vol. 1, pp. 544-547, 2002. These 
documents show that differential chip detection can increase the tolerance of a 

25 receiver to frequency offset. However, it was not recognized that the same 

mechanism could also be utilized to mitigate the effect of low-frequency noise (i.e., 
phase noise / close-in noise) on the receive Local Oscillator (LO) or transmit carrier 
signal, thus facilitating use of a crystal-less oscillator. The mitigation of low 
frequency noise on the local oscillator and/or carrier oscillators will be explained and 

30 proven in the discussion accompanying FIG. 5. 
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It should be noted that signal types other DSSS may also be used in certain 
embodiments consistent with this invention including, but not limited to, general 
frequency-modulated signals, phase-modulated signals or chirp spread spectrum 
signals. In this case the differential chip detection block is more generally described 
as a differential detection block, for which the delay element (see 278 of Figure 5) 
represents some desired detection time difference. The process of differentially 
detecting the signal prior to correlation (i.e., symbol matched filtering) is 
fundamentally responsible for the mitigation of both frequency offsets and close-in 
LO phase noise. 

Briefly, in certain embodiments of differential chip detection, the output of the 
down-converter is conjugated and delayed by a period of time equal to the period of N 
direct sequence chips, where N is preferably 1. A complex multiplication is then 
performed on the original and delayed conjugate versions of the signal to produce the 
detector output (see 270 of FIG. 5). 

It will be seen that the resulting signal after processing by a differential 
detection process has several interesting properties: (1) the impact of frequency offset 
between receive local oscillator (LO) and transmit carrier frequencies is substantially 
eliminated; and (2) low-frequency (frequencies below the chip rate) phase noise 
artifacts from the transmit carrier and receive LO are substantially eliminated. 

By taking advantage of property (1), it is possible to increase the tolerance of 
the receiver to frequency offset between the transmit carrier and receive LO. By 
additionally taking advantage of property (2), it is possible to relax the close-in noise 
requirement on the receive and transmit oscillators. Together, these properties permit 
the omission of high performance oscillators based on piezoelectric crystal elements 
in certain communication environments, such as for low power, short range relatively 
low bit rate, relatively low duty cycle communication systems. 

Again referencing FIG. 1, in the down-conversion operation (either single- or 
multiple-conversion), the radio frequency (RF) DSSS signal is converted to a complex 
baseband I/Q representation through the use of a quadrature mixer 108. The local 
oscillator (LO) frequency generator 1 12 for the mixer 108 is generated directly or via 
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frequency synthesis from an RF oscillator. Because of the relaxed requirements for 
frequency accuracy and close-in noise in the receiver 100 compared to conventional 
receivers, the frequency generator 112 may be constructed from an LC 
(inductive/capacitive) type oscillator, an RC (resistive/capacitive) type oscillator, a 
5 relaxation oscillator, a ring oscillator, or any other suitable oscillator circuit that does 

not require a high stability piezoelectric resonator element, so long as the oscillator 
has reasonably good stability. 

The output of the down-conversion operation is a complex baseband signal 
with sequences of direct sequence spreading codes that were modulated onto the RF 
10 carrier at the transmitter. The complex baseband signal may also have a frequency 

offset term which represents the difference in frequency of the transmit carrier and the 
receiver local oscillator. Additionally, the complex baseband signal may exhibit 
artifacts of low-frequency noise that were present on the transmit carrier or receiver 
local oscillator. 

15 The signal at the output of the differential chip detect block 1 16 is a complex 
baseband representation of the DSSS signal sent to the receiver from a transmitter. 
Frequency offset and oscillator-induced low-frequency phase noise have been 
substantially eliminated. What remains is to recover the information modulated at the 
transmitter by _d^-spreading the_ DSSS .signal. This is. accomplished through the 

20 process of correlation, which is carried out in correlator 120. 

If the DSSS codes are differentially encoded prior to modulation at the 
transmitter (see 220 and 224 of Figure 5), then the differential chip detect block 116 
produces the DSSS codes at its output, and the correlator 120 will correlate to the 
DSSS codes. If the DSSS codes are not differentially encoded at the transmitter (as in 

25 the paper by Shi, et. al.), then the differential chip detect block 1 16 produces modified 

DSSS codes at its output, and the correlator 120 will correlate to the modified DSSS 
codes. The modified codes may be calculated in advance by passing the DSSS codes 
through the same differential chip detection operation used by the differential detect 
block 1 16 (see 270 of Figure 5). 

30 Thus, a direct sequence spread spectrum receiver 100 consistent with certain 
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embodiments has a frequency generator 112 that generates a local oscillator signal 
without use of a piezoelectric crystal. A frequency converter 108 receives the local 
oscillator signal and mixes the local oscillator signal with a received DSSS signal to 
produce a down-converted signal. The received DSSS signal is encoded using at least 
5 one first DSSS code. A differential chip detector 1 16 receives the down-converted 

signal and produces a detected signal while substantially eliminating frequency offsets 
and low frequency phase noise. A correlator 120 receives the differentially detected 
signal and correlates the differentially detected signal with one or more DSSS codes 
to produce decision statistics for determining the transmitted information. 

10 This arrangement provides for a method for processing a digitally-modulated 

radio signal to facilitate high tolerance to frequency offset and oscillator noise while 
preserving spectral re-use through Code-Division Multiple Access (CDMA), uniform 
energy density across the signal bandwidth and an arbitrarily high ratio of carrier 
frequency to bit rate. Thus, a direct sequence spread spectrum (DSSS) 

15 communication method consistent with certain embodiments involves generating a 

local oscillator signal without use of a piezoelectric crystal; mixing the local oscillator 
signal with a received DSSS signal to produce a down-converted signal, wherein the 
received DSSS signal is encoded using a first set of DSSS codes; differentially 
decoding the- down-converted-signal to -create a differentially decoded signal; and 

20 correlating the decoded signal with a second set of DSSS codes. 

In certain embodiments, the above wireless receiver can be implemented using 
an RF receiver for receiving the signal and converting it to a baseband representation 
at 108. The RF receiver has a local oscillator frequency generator 1 12 based on an 
oscillator without a piezoelectric crystal element. A processing block 116 (e.g., the 

25 differential chip detector) produces output chips that are a function of successive 

chips of the input signal. The correlator block 120 correlates the DSSS signal at the 
output of the processing block to a DSSS code word that has been derived from the 
transmitted code word. 

Generally speaking, but not by way of any limitation, the code length may 

30 determine how well the system performs. For better performance in a system such as 
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that described above, the code length tends to be somewhat long. The frequency 
offset tolerance has been found experimentally to be approximately 0.12 /T, where T 
is the period of a chip in the spreading code sequence. For a given data rate, a higher 
chip rate results in a smaller chip period and a higher tolerance to frequency offset. 
5 Additionally, it is noted that the differential chip detect mechanism may result in a 

degradation in receiver sensitivity. For certain exemplary implementations, the 
degradation has been observed to be approximately 3 to 10 dB compared to 
conventional receivers. The sensitivity loss is primarily the result of the 
multiplicative action of the differential chip detect block 1 1 6, which enhances noise 
10 for the case of negative signal-to-noise ratios. Thus, these factors should be taken into 

consideration when using the present teachings as the basis for a communication 
system. 

In addition to providing for a receiver device, a transmitter may similarly be 
produced as depicted, for example, in FIG. 2, by use of frequency generator 1 26 that 

15 serves as an RF source for generating a transmitter RF carrier signal. In this example, 

the frequency generator 126 also serves as the local oscillator for the receiver. The 
frequency generator 126 may include a frequency generator based on an oscillator 
without a piezoelectric element, such as an LC or RC (Resistive-Capacitive) 
controlled freq uency generator. A DSSS modulator 130 _is_used_to .modulate, the 

20 message to be transmitted onto the RF carrier generated by frequency generator 126 

with a known DSSS code word. The RF up-converter 134 uses the RF carrier signal 
generated by the frequency generator 126 (serving as an RF source) to convert the 
signal from the DSSS modulator 130 to the desired radio frequency and, in the 
example shown, provides the amplification desired for transmission over antenna 140. 

25 In this embodiment, frequency generator 126 is shared between receiver and 

transmitter portions of the transceiver. 

The transmitter presented here tends to produce a spectrum with uniform 
energy density. Because direct sequence spread spectrum techniques are used, it is 
possible to support multiple users in a single frequency space. 

30 FIG. 3 depicts another variation in which the frequency generator of the 
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transmitter and receiver are maintained separately (The transmitter and receiver can 
be commonly housed to form a transceiver or can be separate physical devices.). In 
this example, frequency generator 1 12 generates the local oscillator signal used in the 
down-conversion process for the receiver. Frequency generator 150 serves as the RF 
5 source that generates the RF carrier signal used by the up-converter 134 of the 

transmitter. 

Thus, a Direct Sequence Spread Spectrum (DSSS) communication transmitter 
consistent with certain embodiments has an RF source that generates a transmitter 
carrier signal, wherein the RF source uses an oscillator that generates the RF 

10 transmitter carrier signal without use of a piezoelectric element. A DSSS modulator 

modulates a message to be transmitted onto the transmitter carrier signal using at least 
one known DSSS code word. 

Many variations of the basic structures shown are possible. For example, the 
frequency generators can be any suitable type of non-piezoelectric resonator based 

15 oscillator such as an LC type oscillator, an RC type oscillator, a relaxation oscillator 

or a voltage-controlled oscillator, or any of the other types of oscillators previously 
mentioned or other oscillators that do not depend upon a high-Q piezoelectric crystal 
element as long as the oscillator produces an adequately stable signal for the system 
definition. 

20 There may be other forms of differential detection than the differential chip 

detection described herein. For purposes of this document, differential chip detection 
includes any form of processing that includes 1) a DSSS sequence, 2) a processor that 
operates on versions of the received signal at different delay times, and 3) a 
correlation operation. This processing produces a digitally modulated signal, where 

25 the information is first coded with an arbitrarily high coding rate, and then the coded 

bits, or "chips", are used to modulate the phase or frequency of transmitted signal. 
The receiver differentially processes the received signal to determine the phase- 
modulated (or frequency-modulated) chip information. Differential phase detection 
leads to relaxation of stability and phase noise requirements. Finally, a decoder is 

30 used to recover information bits from the chip sequence. 
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The down-conversion process in the receiver can be accomplished by many 
techniques, such as using multiple-conversion receiver techniques rather than the 
single conversion example shown. Also, the differential chip detection can be made 
to operate on an IF signal instead of a pure baseband signal by employing an under- 
5 sampled technique. The method could be extended to ultra-wideband (UWB) systems 

without explicit carrier signals by recognizing the duality between carrier frequency 
in a conventional system and pulse timing in a UWB system. 

FIG. 4 depicts a generalized oscillator circuit that can serve as either a 
transmitter or receiver oscillator based upon a non-crystal design. The oscillator itself 

10 is shown as frequency generator 170 and can incorporate any suitable mechanism for 

initial adjustment of the oscillator frequency in certain embodiments, such as for 
example, a variable resistor 174 for an RC based oscillator (or variable capacitor, 
variable inductor, or binary code input, etc.). The frequency generator may 
incorporate compensation circuitry 178 for temperature compensation as well as a 

15 compensation circuit 182 to compensate the circuitry for changes in supply voltage. 

One alternative for generating a receiver local oscillator (LO) or transmit 
carrier is to use a voltage controlled oscillator (VCO). The VCO might include a D/A 
converter or other mechanism for frequency adjustment. The frequency adjustment 
can^be usedj^set the initial frequency of ^hej^sciHatqr for reduction or _elimination of 

20 manufacturing tolerance in the oscillator. It could also be used along with a voltage 

or temperature sensor for frequency compensation as illustrated generally in FIG. 4. 

Another alternative is to use a phase locked loop (PLL) as the frequency 
generator. The frequency generator can be configured as a PLL synthesizer 
(including VCO) with a reference created from a crystal or other stable reference. 

25 The PLL locking mechanism could be used to initially tune the VCO. Once tuning is 

achieved, the remainder of the PLL could be switched off and the VCO allowed to 
free run - thus, after the PLL is switched off, the VCO would operate as a frequency 
generator that generates a local oscillator signal without use of a piezoelectric crystal. 
This would not save the cost of the PLL but it would save the power to operate the 

30 PLL in normal operation. This approach could also be modified to use a crystal-less 
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oscillator as a reference frequency generator. This would save cost compared to a 
crystal. The advantage of this approach would be in allowing the crystal-less 
reference to be implemented at a lower frequency for better component matching and, 
therefore, better frequency accuracy. 
5 When frequency offsets are encountered outside the frequency tolerance of the 

receiver, an acquisition scheme (Attorney Docket Number CML01150J) can be 
utilized as described in U.S. patent application serial no. 10/678,416, filed October 3, 
2003, to Callaway, et al entitled "Sync Bursts for Frequency Offset Compensation". 
In this technique, a transmission protocol is implemented that uses a sequence of short 

10 synchronization bursts prior to a packet, or prior to an exchange of multiple packets. 

The synchronization bursts can be sent sequentially, each having a fixed frequency 
offset from the center frequency of the transmitter. The set of sync bursts will span 
the expected range of frequency offsets between transmitter and receiver, such that an 
active receiver will receive at least one of them. The receiver then modifies its center 

15 frequency, according to the information contained within the frequency burst, such 

that the difference between the transmitter and receiver center frequencies is within 
acceptable tolerance for the modulation format. 

In order to demonstrate the cancellation of phase noise, consider the circuit 
diagram of an exemplary system using a differential chip detector as shown in FIG. 5. 

20 FIG. 5 shows a block diagram used to model a DSSS BPSK (binary phase shift 

keying) system model having a modulator with differential chip encoding, a simple 
AWGN (Additive White Gaussian Noise) channel with local oscillator (LO) 
impairments, and a demodulator with differential chip detection. In the modulator, 
binary data symbols from source 204 a n e{±l}are up-sampled by a factor M at up- 

25 sampler 208, where M represents the DSSS spreading factor. The up-sampled data 

sequence is multiplied at multiplier 212 by periodic spreading sequence b k e{±\} 
generated by spreading code generator 216 to form the modulated chip sequence c k . 
Without loss of generality, it will be assumed that the period of b k is equal to M such 
that each data symbol contains a full period of the spreading sequence. Next," the chip 
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values are differentially encoded using multiplier 220 and delay 224 and mapped to 
transmit pulses at pulse shaper 228 using the square-root-raised-cosine (SRRC) pulse 
shape p(t) of unit energy and rolloff factor a. A gain factor of the square root of 2E C 
is applied at amplifier 232, so that the complex envelope of the transmitted signal can 
be expressed as 

s{t) = JlE~ c Y,d kP {t-kT c ) (1) 



where T c is the chip period, E c is the chip energy, and E b = ME C is the energy per data 
bit. It is noted that the DSSS Modulator 130 of FIG. 2 corresponds to blocks 208, 
212, 216, 220, 224, 228, and 232. RF up-converter 134 includes 244, while oscillator 
240 corresponds to frequency generator 126. Thus, everything from the upsampler 
208 through the amplifier 232 of FIG. 5 belongs in the DSSS modulator 130 of FIGs. 
2-3. The oscillator 240 and mixer 244 in FIG. 5 represent the combined frequency 
offset and phase noise contributions of both the RF up-converter 134 and frequency 
converter 108. Block 270 in FIG. 5 represent differential chip detector 1 16 in FIGs. 
1-3. Other components in Figure 5 (248, 252, 258, and 262) can be considered part of 
the frequency converter 108 of FIGs. 1-3. 

To proceed with the analysis, the transmitted signal s{i) is subjected to local 
oscillator impairments, including frequency offset co, phase offset cp, and phase noise 
9(t) from oscillator model 240 through multiplier 244, and the result is summed at 
summer 248 with noise signal, n(t) from AWGN generator 252. (Note that the 
oscillator model 240 models the non-crystal frequency generators 112, 126, 150, 170 
in FIGs. 1-4.) The complex envelope of the received signal is 



= 5(0^ (,) +/i(0 1 ; 



where /?(/) represents the composite phase signal of the local oscillator model. The 
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additive noise, n(t), is the complex envelope of bandpass noise with two-sided power 
spectral density N a /2. In general n(t) represents receiver thermal noise, but under 
certain conditions it may also include multiple access interference. The received 
signal r(t) is filtered by a chip matched filter (CMP) 258 with pulse shape p(t) and 
optimally sampled at sampler 262 once per chip (t=kT c ) to produce the received 
sequence r k . 

The received sequence r k is passed through a differential chip detector 270 
having a multiplier 274 that multiplies the received sequence r k by a signal created by 
taking a delayed version (a delay of T c at delay 278) of the received sequence r k and 
then taking the complex conjugate of that signal at complex conjugator 282. The real 
part of the resulting signal is taken at block 286 to produce estimates c^of the 
modulated chip sequence, which is subsequently de-spread at multiplier 290 using a 
synchronized local copy of the spreading sequence b k from spreading code generator 
292. Finally, the de-spread sequence is integrated over each data symbol period at 
block 294, down-sampled at down-sampler 296, and the result y n is passed to a 
decision threshold 298 to obtain estimates a n of the binary data symbols. 

Differential chip detector 270 can be used to implement the differential chip 
detector-(processor). 1 16-described.with reference to EIGs. 1t3 _ ....... 

In order to estimate BER performance of the system of FIG. 5, several 
assumptions and approximations are made in order to keep the exemplary model 
simple. The validity of the model can then be tested by comparison to system 
simulation results. 

Begin with the sampled output of the CMF 258. The use of SRRC pulse 
shaping, along with an assumption of ideal chip timing, usually leads to received chip 
samples r k that are free from inter-chip interference (ICI). To maintain this property 
in the presence of frequency offset and phase noise, it will be assumed that the phase 
signal P(t) varies slowly with respect to the chip rate. Thus, the received sequence 
can be expressed as 
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(3) 



The noise samples n k are assumed to be uncorrelated zero-mean complex Gaussian 

random variables with variance a\ =2N a . The noise can also be expressed using real 

and imaginary parts, n k = x k + jy k , where x t and y k are real, uncorrelated, zero-mean 

Gaussian random variables with variance o\ =crj = N a . 

Given the received sequence (3), the output of the differential chip detection 
can be expressed as 



Using the desired differential detection result, c k = d k d* k ^ , and the observation that the 
chip sequences c k and d k are real valued, equation (4) reduces to 

c t =2E-c k -cos(&P k ) + z t (5) 

where Ap k is the phase difference between successive chips, and z k \s the overall 
noise component. 

The chip phase difference Afi k is a function of the frequency offset and phase 



= G>T c +e k -9 k „ } (6) 
= coT c +A0 k 



The differential phase noise A6 k is assumed to be a zero-mean Gaussian random 



c k =Re{r,^ 1 } 

= Re \ + 42E c n k dUe»" 



(4) 




noise. 
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variable with variance al 6 . Thus, Afi k is Gaussian with mean value equal to the 
frequency offset term coT c . The composite additive noise in (5) is given by 



+ j2E^{d k _ x (x k cos p„ + ^ sin ) (7) 
+ d k cos y3 t -f- v t _, sin 0* )} 



where z k is a zero-mean random variable, whose variance can be evaluated as 



a; +2E t . 
= 2N 2 n +4EN„ 



(J I cos 2 p k _ { + a 2 v s'm 2 p k _ x 
-f ct;cos 2 p k + a 2 sin 2 fi k 



(8) 



With minor effort, the noise samples z k can be shown to be uncorrected. 

After de-spreading and integrating over the M-sample data symbol period, the 
decision statistic becomes 

Y„ =2a n E h ^Xcos(A/U + |>, fQ , 

k=\ " " " k=\~ - yyj - - 

^^ tt E b e n +r) k 

where a n is the desired binary data value, e n is an energy loss factor due to the 
frequency offset and phase noise, and r\ k is the integrated noise with variance 
a 2 = Ma] . In the absence of frequency offset and phase noise, e = 1 ; otherwise e < 1 , 
which effectively reduces the energy per bit. Although samples z k are not Gaussian, 
the integrated noise rj k may be approximated as Gaussian (using the central limit 
theorem). This approximation is more accurate for large values of M. 

The maximum likelihood (ML) decision rule is specified using knowledge of 
the conditional probability density functions (PDF's), f(y„\a„ =l) and f(y„\a„ =-1). 
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In the absence of phase noise, e„ will be deterministic and the conditional PDF's will 
be Gaussian. However, phase noise causes e„ to be random, and the resulting 
conditional PDF's would be difficult, if possible, to obtain in closed form. For large 
values of M, a simple approximation can be obtained by replacing e n in (9) by its 
5 mean value e . 



M 

€ =J r ^cos(A^ Jt ) = cos(A/? Jt ) 

(10) 

= jcos(Ap k )f Afi (Ap k )dAP k 

where f &p (Ap t ) is the Gaussian PDF of Ap k . The integral in (10) can be easily 
10 evaluated using the characteristic function \f/{v) of a Gaussian distribution. 

f- = Re{^(l)} = cos(^r r )e- <y - /2 (11) 



This result suggests that the overall energy loss is the product of the individual losses 
15 due to frequency offset and phase noise. 

After replacing e„ by iFs mean value in~ (9), the corTditionarPDF's become 
Gaussian, and the ML decision rule will be 

Choose: a n =\ if y n >0 

«„=-i '/ r„<o K } 

20 

The bit error probability for this binary decision is [5] 
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Substituting <r* = Mo: and (8) into (13) gives 



UM + 2(E b IN„) 



(14) 



The last expression in (14) is the bit error probability for coherent BPSK, with 
(E b /N G )DCD representing the effective bit-energy-to-noise-density ratio after 
differential detection. 

To evaluate the analytical model presented above, the phase noise 
characteristics should be specified. In particular, the mean energy reduction e n 
defined in (1 1) will depend on the variance of the differential phase noise A6 k . Given 
the power spectral density P e (f) for the local oscillator phase noise, the variance of 
A6 k can be computed as 



where H A9 (f) is the phase transfer function produced by differential chip detection. 
A simple l// 2 phase noise characteristic will be considered here, with power spectral 
density (PSD) given by 



°ie=2\Pe(f)\H A6 (f)\ 2 df 



= 4]p e lf)[\-cos(27ifr c )]ctf 



(15)- 



0 




(16) 



where P 0 (f o ) is the two-sided PSD level at reference frequency /„ . This represents a 
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conservative upper bound for phase noise in frequency generation units having 
relatively noisy oscillators controlled by phase locked loops. Furthermore, it is 
assumed that the CMF effectively limits the bandwidth of the phase noise to ±1/27;, 
such that 

5 

o / 

Within the integration limits above, H Ae (f) has a high-pass characteristic, which 
explains why differential detection helps suppress close-in local oscillator phase 
10 noise. Increasing the chip rate will effectively push the phase noise closer to the low 

end of this transfer function, thereby realizing a higher degree of noise suppression. 

Making the variable change x = JT c =f/R c , and solving the integral 
numerically gives 

a 1 ~4T P(f >f 2 °f [1 " cos(27Dc)] ^- 
15 °» 4r «W-W-J X 2 dx (18) 

= S0.5T c f o 2 P e (f o ) 



Substituting this result into (11), the mean energy loss produced by frequency offset 
and phase noise is approximated by 

20 e = cos(6>r c ) exp {- 1 525T c f ( ; P Q (/. )> (19) 

Equations (14) and (19) represent a simple analytical model that allows us to quickly 
predict performance for a wide range of spreading factors and chip rates. 

Computer simulations were performed for the system in FIG. 5. The 
25 simulation sampling rate was eight times the chip rate, and chip synchronization was 

ideal. Maximal length sequences (m-sequences) were selected for the spreading 
codes, and the SRRC pulse shape was given a rolloff factor of oc — 1,0. The accuracy 
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of the analytical model improves as the spreading factor increases with the analytical 
model being only slightly optimistic compared with the simulation. Both simulated 
and analytical results asymptotically approach a 1.5 dB increase in E b /N 0 for each 
doubling of the spreading factor. This slope is also observed in (14), where for large 
M the effective bit-energy-to-noise-density ratio after differential detection becomes 



Thus, to maintain a constant bit error probability in (14), each doubling of M is 
accompanied by 4l (or 1.5 dB) increase in Eb/N 0 . More generally, each K-fold 
increase in M is accompanied by a Jk increase in Eb/N 0 . 

Next, the effects of phase noise and frequency offset are considered. In order 
to normalize the results, the following ratio is defined for use in (19): 



whefe"Rc = 17T C ^= MR b is the chip rate "of the system and R b is the bit rate of the 
system. According to (19) the energy loss due to phase noise is proportional to K. 
Thus, for a given level of acceptable loss, increasing the chip rate will allow a 
proportional increase in the phase noise. 

To put these results in perspective, consider an example system with Rb = 100 
kb/s, M = 100, and Rc - 10 Mc/s. For a BER of 10" 3 , this system should have an 
Eb/No of 15.7 dB and a phase noise PSD of -70 dBc/Hz at f v = 1 MHz. This phase 
noise level is easily achievable using low-cost integrated VCO devices at reasonable 
frequencies. 

Next, frequency offsets of 0.05Rc and O.lRc are added to the phase noise. The 
additional loss due to frequency offset is about 0.2 dB for both simulation and 




(20) 



MR h 
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analytical results. The loss due to frequency offset ranges from about 1.0 dB to 1.5 
dB, and the model accuracy changes slightly due to the assumption of slowly varying 
phase. Using the same example system as before, R b = 100 kb/s and M = 100, and 
further assuming a carrier frequency of 2.4 GHz, these results show that for an 
5 additional loss of 1 dB, the system can tolerate a frequency offset of 1 MHz (~ 400 

ppm). 

Thus, it is apparent in view of the above that chip-level differential detection 
of DSSS signals helps mitigate the effects of oscillator phase noise as well as 
frequency offset. For cases where system bandwidth is flexible, increasing the 

10 spreading factor improves phase noise tolerance and permits the use of lower-cost, 

noisier frequency references. Increasing the spreading factor also degrades the SNR 
performance, but this tradeoff may be acceptable in applications where very low 
device size and cost are paramount. 

Although the simulations and analytical model focused on a DSSS BPSK 

15 system with 1/ f 2 phase noise model, the basic conclusions also apply to DSSS 

systems with other data modulation formats (e.g., M-ary orthogonal) as well as more 
general phase noise characteristics. The simple analytical model was shown to be 
useful for predicting system performance, especially for large spreading factors where 
simulation-times can-be quite long, rand it can be easily extended to other systems- 

20 Those skilled in the art will recognize upon consideration of the above 

disclosure, that certain embodiments consistent with the present invention can be 
implemented either using specialized hardware or can be realized using a 
programmed processor (dedicated or general purpose). General purpose computers, 
microprocessor based computers, micro-controllers, optical computers, analog 

25 computers, dedicated processors, Application Specific Integrated Circuits (ASICs) 

and/or dedicated hard wired logic may be used to construct equivalent embodiments 
of the present invention. 

While certain illustrative embodiments have been described, it is evident that 
many alternatives, modifications, permutations and variations will become apparent to 

30 those skilled in the art in light of the foregoing description. 
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